Abstract
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Methods: The dynamics of SCRE under multiple conditions (pacing rate, beta-stimulation, disease 18 remodelling) in a computational model of stochastic, spatio-temporal calcium handling were 19 analysed in order to develop Spontaneous Release Functions, which capture the variability and 20
properties of SCRE matched to the full cell model. These functions were then integrated with 21 tissue models, comprising idealised 2D sheets as well as full reconstructions of ventricular and 22 atrial anatomy.
23
Results: The Spontaneous Release Functions accurately reproduced the dynamics of SCRE and its 24 dependence on environment variables under multiple different conditions observed in the full 25 single-cell model. Differences between cellular models and conditions where enhanced at the 26 tissue scale, where the emergence of a focal excitation is largely an all-or-nothing response. 27
Generalisation of the approaches was demonstrated through integration with an independent cell 28 model, and parameterisation to an experimental dataset.
1
Introduction 2 Cardiovascular disease is one of the major healthcare problems faced by the developed world, 3 with increasing prevalence associated with aging populations [1] [2] [3] . Improved understanding of 4 the mechanisms underlying cardiac arrhythmias, a major component of cardiovascular diseases' 5 impact on morbidity and mortality, is therefore vital to the effort to improve both lifespan and 6 quality of life therein. Rapid arrhythmias, such as tachycardia and fibrillation, are associated with 7 highly non-linear electrical excitation patterns and are challenging to manage [4, 5] , in part 8 because the complex multi-scale mechanisms have yet to be full elucidated.
9
Malfunction of the intracellular calcium (Ca 2+ ) handling system has been implicated in the 10 development of rapid arrhythmias, linking sub-cellular spontaneous Ca 2+ release events (SCRE, 11 described below) to pro-arrhythmic triggers in single cell [6] [7] [8] [9] [10] . However, translation of these 12 cellular data to assess the mechanisms and importance of SCRE in tissue-scale arrhythmia 13 remains a significant challenge [11] . Computational modelling provides a viable approach for 14 detailed multi-scale evaluation of cardiac arrhythmia mechanisms. Never-the-less, simulating 15 SCRE in tissue-scale models is non-trivial due to the complex cellular structures and non-linear, 16 spatio-temporal dynamics underlying the associated phenomena. These are described in detail 17 below to facilitate understanding of the challenges involved.
18
The intracellular Ca 2+ handling system is a critical component of cardiac excitation-contraction 14 Despite the recent successes of these models to dissect cellular mechanisms of potentially pro- 
10
The computational framework 
Where Φ x is a general reaction term comprising the relevant channel fluxes, β x is the 21 instantaneous buffering term [48] , v x is the volume of the compartment in the subscript, τ x is the 22 time constant of inter-compartmental diffusion, ∇ 2 is the spatial Laplacian operator in 3D and D
23
is the diffusion coefficient. Full reaction terms are given in the Supplementary Material S1 Text 1 (Model Description). Most relevant for this study is the reaction for the dyadic cleft, Φ ds , which 2 contains intracellular Ca 2+ release, J rel . For a single dyad n, J rel is described by:
Where g RyR is the maximal flux factor for Ca 2+ release, v ds is the volume of the dyadic cleft space, 17 illustrates the range of waveforms observed ( Figure 4A ) and the corresponding probability 
where t i is the initiation time of the SCRE, t f is the end time (duration, λ, thus = t f -t i ), t p is the time 29 of the peak of the waveform and N RyR_O peak is the peak of open proportion RyR ( Figure 4D ). The 30 function for the plateau-like waveform (corresponding to durations longer than 300 ms) is 31 derived from the same parameters: 
Where N RyR_O plateau is the amplitude of the plateau ( Figure 4D ). This equation assumes the same 3 form for the spike occurring within the plateau, with its upstroke time being 50 ms and its decay 4 time 35ms; t i spike ( Figure 4D ) therefore corresponds to t p -50 (and its half maximal activation time
The waveform is therefore completely described by four-five parameters: (1) initiation time, t i ; 7 (2) duration (λ = t f -t i ); (3) peak time, t p ; and (4-5) amplitude (N RyR_O peak ; N RyR_O plateau ). In order to 8 maintain physiological waveforms and randomly sample the parameter values from appropriate 9 distributions, the nature of stochastic variation of these four parameters is discussed below. 
The distribution for t i is therefore determined by four parameters: the initiation time Table 1 . The duration distribution is therefore completely 5 described by the median, MD. Note that the widths (DW 1 , DW 2 ) could also be specified directly for 6 complete control over the variability in duration. (purple dots, red triangles) and the fit from the relevant functions (blue line) against SR-Ca 2+ for: 10 (i) probability of whole-cell SCRE; (ii) initiation time corresponding to the separation point, t i,Sep ; 11 (iii) the normalised cumulative frequency at this point, CF ti_Sep = F( ti )| ti=ti_Sep ; (iv) the k parameter 12 for F 1 (t i ) and (v) for F 2 (t i ); (vi) the median duration, MD.
13
The probability that an SCRE occurs at a given SR-Ca 2+ is well-approximated by a sigmoidal 14 function ( Figure 5Bi ): functions: first, a random number between 0 and 1 is generated and compared to the probability 5 of release, P(SCR); if rand < P(SCR), then the input parameters are used to determine the inverse 6 functions (equations 28-30) and 4 more random numbers determine the actual SRF waveform 7 parameters; if rand > P(SCR), then no SRF parameters are set. Note that the t i_sep must be set 8 relative to excitation time. The model will set SRF parameters based on these single distributions 9 with every cellular excitation (note that the parameters may give an SCRE timing later than the 10 next stimulated excitation, in which case it will be reset on the next excitation).
11
For the Dynamic Fit model, the calculation is performed multiple times, dynamically determined 12 during the simulation: After an initial stimulated AP, when the RyR availability has recovered 13 above a set threshold, the SR-Ca 2+ is input to first define the probability of release, P(SCR), from 14 equation (22) and the same process is followed as described above, with the remaining input with the non-spatial cell models for the three implementations.
22
The General Dynamic SRF model 
12
Further to providing an independent approach which forms a complementary tool to the previous 13 models, which is of particular importance for theoretical investigation of systems with many 14 unknowns and highly non-linear behaviour, the present study differs from those previously 
Conclusions

4
The multi-scale cardiac modelling approaches described in this manuscript and accompanying 5 model code present the possibility to model the impact of stochastic, sub-cellular calcium 6 dynamics on organ scale arrhythmic excitation patterns with congruent detailed cellular and 7 tissue simulations or parameterised to specific experimental datasets. The mechanistic insight 8 gained from the application of these approaches may help to improve understanding and 9 management of cardiac arrhythmia.
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